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Introduction 
In this investigation the scattering of light by silic.;.c 
acid gel-forming mixtures has been studied during the process 
of gel formation in an effort to extend the work already done 
on their structure and the mechanism of gel formation. 
The intensity of the scattered light has been measured 
by means of a Fisher Nefluoro-photometer and an attempt has 
been made to use the results in explaining the change which 
the gel-forming mixtures undergo during gel fonnation. 
Historical 
Almost a century ago Lord Rayleigh showed that light must 
be scattered by all molecules (l). Uc tried to find the relation ... 
ship between the intenuity of the incident and scattered beams 
as a function of the properties of the scattering centers, the 
·wavelength and other factors. The following equation was 
derived by him for spherical particles, randomly distributed 
in high dilution, small compared with the incident wavelength, 
using unpolarized light, ad measuring scattering at 900. 
It* = 10 (24 1f1 v2 u n4) I A '• (n1 ~ .. n2 \ 2 
> - 2n2} 
,,here H* Ls the intensity of total scattered light 
19323ov 
2 . . Io i.u the int~nsity of t_e incident beam 
v is the volume of the particle 
u is zho number of part"clcQ 
n is the refractive index of the medium 
n, ls the refract~ve index of the par icle 
1' is the wavelength of the incident beam. 
From this equation several important rclationshipC'! can 
be seen~ Of greatest importance in this investi~ation is the 
relationship between light scattering and the volume and 
number of the particles. The equation shows, and the relation- 
ship as bee con irmed experimentall by Mie (2), that t e 
i11te11s·· ty of the sc ccered light inc eases with Increasdr 
particle s"ze and ·s proportional to the volume. Thus li 1t 
scatter·ng methods may be pplied to the inve tigatio of the 
changes 1hich silic · c cid gel .. forming ilttures dergo dur- 
ing gel formation. Vail has pointed out that ill t 1. e mixtures 
the part:r..cles grow in s:i.ze (3). 
Pr sad, Me1ta, and Desai (4) have measured the extinction 
coeffic e ts of various silicic acid gel-form·ng ixtures and 
have stated that higher values of extinction coefficients in 
gels t. ian in correspondt .. g sols indicate t at the parti.cles 
In the gel are b l gger in size than ·· he sol. they also 
indicate that the coagulat·on of the silic"c acid sol "nitially 
form d follows von Smoluchowski's (5) theory of flocc lation. 
According to Yaj rrlk and Haksar ( 6) it seems that slow co- 
agulation forms a homogeneouB gel whose transparency is r ·er 
than that of a gel which co: gu'laces ore rapidly. They observed 
3. 
that gels which set quickly are heterogeneous and not as trans~ 
parent. From these observations they concluded that there 
exists a close relationship beL-ween the rate of coagulation and 
the degree of scattering. They conclude that the transparency 
of a gel depends on the following factors: 
l. The size of the colloidal particles. 
2. The distance between the particles. 
3. The refractive index of the dispersed phase and 
of the dispersion medium. 
4. The extent of hydration of the molecule. 
The instrument used to measure the light scattering of 
the gel forming mixtures was a Fisher Nefluoro-photometer. 
This is a precision photoelectric instrument for fluorometric, 
nephelometric, and colorimetric analysis. 
Light from a source is divided into t\~o beams .. The left 
beam (the measuring beam) passes into cell n (see Fig. 1) 
containing the a.cid sil:i.cat:e mi~ture; the right beam (the 
reference beam) passes into cell A which contains a nephelo- 
metric generating substance> i.e .. something which will scatter 
light of the order of the intensity of the light scattered by 
the gel. In the present investigation we found a. piece of 
Polyethylene plastic to be suitable. The measurement beam 
passes through cell c (distilled water) and strikes the 
measuring phototube. The reference beam, on the other hand, 
strikes the reference phototube. Before striking the 
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reference phototube :1owever it passes through a polaroid unit. 
The electrical outputs of the two phototubes are compared in 
the electronic portion of the instrument and the diffe1"ence is 
indicated on the meter on the front panel. The polaroid unit: 
is a precision photometering device that attenuates the light 
Ln the right beam so that the intensity of the light in the 
right beam can be made equal to the intensity of the light in 
the left beam which is scattered by the sample. The po Larof.d 
unit is operated by the dial control. This control is also 
connected mechanically to the dial scale which indicates 
directly the per cent of light scattered. 
The electronic portion of the instrument consists of 
the two photosensitive detectors, a. vacuum tube voltmeter and 
a regulated power supply. The two detectors are multiplier 
Phototubes. These devices are capable of self-amplification 
of the electric currents that are generated when their photo- 
sensitive surfaces are irradiated. The vacutUn tube voltmeter 
compares the outputs of the two phototubes and indicates any 
difference in their outputs as a deflection of the meter 
needle away from its balance position at center scale. 
The filters used were, center filter .. blank, left-blank 
(since all scattered light is measured), and right - 430 + 
since the polaroid unit will not attenuate light of a shorter 
wavelength than 430 mu. An incandescent light source emitting 
light of a wavelength of about 420 mu ... 750 mu was used. Ti.1e 
cells used as contail'1ers for the mi,::tures were 3/4" cylindrical 
glass cells, one half of the cell was black. This insured 
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that the light from che cell '"as due t;o true scattering of the 
particles nd not to light reflected from the cell walls. The 
cell is provided with an orienting collar so that it is always 
in the same position. 
The acid-silicate portions used to determine the time of 
set by the rod method were kept at the same temperature as the 
sample in the instrument by means of a constant temperature both 
controlled by a De Khotinsky Thermorcgulator and a kn"fe type 
of immersio11 heater .. A Beekman vacuum tube. pH meter was used 
to measure the pH of the acid-silicate m~.;:::tures. 
The gels were prepared by the reaction between acetic acid 
and sodium silicate. The sodium silicate was the "E" Braud 
produced by the Philadelphia Quartz Company. The NazO : SiOz 
ratio of th.is silicate is 1:3. 29 by weight. This s:i..licate upon 
dilution was titrated against standard sulfuric acid using 
methyl orange as an indicator. The normality ot the silicate 
solution used in all runs was 1. 206 • in terms of equivalents 
in sodium hydroxide. The normality of the acetic acf.d used 
was l. 703. 
In preparing the gel-forming mixtures 25 cc. of the 
silicate solution was always poured into 55 cc. of acetic acid 
solution containing varying o.mounts of the 1.703 N acid. They 
were always mixed in the same manner in 100 cc. beakers. Before 
mixing the acid solution and the silicate were brought to the 
equilibrium temperature of the Nefluoro-photometer in the 
6. 
constant temperature bath. A portion of the mixture was placed 
in the eel of the i .. 1st.curoent and the :remainder was put back 
into the constant te"'ulperat:.ure bath to deteJ:inine pH and time 
of set by the rod method. Readings were taken on the Nefluoro ... 
photometer at regular intervals until they reached a constant 
value. The following Data were obtai~ed. 
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Table I Composition of Mixtu:r:es and times of Set 
Run cc Silic:;:.te cc Acid 'total Vol. pH 
Time of Set 
- . - 
l 25 8 80 10.52 
172 t 
2 25 8.5 80 10,00 
4145° 
3 25 9 80 
9,85 caso0 
4 25 10 80 9.50 
Cai.SH 
5 25 11 80 8,25 
3on-15u 
6 25 12 80 7 .20 
30" 
7 25 13.5 80 6.18 
5'3011 
8 25 15 80 5, 15 
10' 
9 25 20 $0 5.02 
24• 
10 25 25 80 4.68 
so• 
11 25 30 80 4 .. 50 
71' 
12 25 35 80 4.38 
8311 
13 25 40 80 3.,90 
CS' ·- 
• 
Table II Dial Scale Readings Due to Scattered Light 
(25 cc sodium silicate, 1.206 N, mixed with 55 cc of acetic 
acid solution containing varying amounts of l. 703 acetic acid. 
Run I 
8 cc. HA c 
47 cc. H20 
pH 10.52 
T = 380 C 
Time .!!,nin:) % Scattered Time {min.) % Scattered 
10 4.90 .200 70.20 
70 23.30 220 78.00 
110 41.80 260 88.60 
120 46.60 280 89.90 
135 51.50 290 97.00 
150 56.60 295 97.00 
160 59.30 300 97.00 
180 67.00 
9. 
Run II 
8.5 cc. HAc 
46.5 cc. n2o 
pH• 10.00 
T = 390 
Time ~min.} 1o Scattered 'fime ~min.2 % Scattered 
10 21.75 90 84.00 
20 38 .L~O 100 86.30 
30 42.50 110 87.50 
40 62.00 150 92.80 
50 68.50 155 93.50 
60 73.80 180 94.00 
70 78.00 190 94.50 
80 82.40 200 94.50 
10. 
Run III 
9 cc. 11Ac 
46 cc. n2o 
pH 9.85 
T = 39° 
Time ,(min. ) % Scattered Time % Scattered - 
10 46.dO. 100 93.50 
20 61.00 120 94.80 
40 80.75 140 95.60 
60 87 .ao 150 96.00 
so 90.90 160 96.00 
Run I~ 
11 cc .. UAc 
44 cc. H20 
pH 8.25 
T • 37.20 
Time {min.} % Scattered Time (min.l % Scatte·ed 
2 69.60 30 93.40 
4 77.20 40 96.00 
6 80.00 50 97.00 
10 83.80 55 97.00 
20 90.50 60 97.00 
11. 
Pu.tn V -· ...... 
12 cc. HAc 
43 cc. HzO 
t>H 7.20 
T = 38° 
1'30" 
2 '.30 t 
3•3on 
6.5. 30 . 
75.20 
Tine 
5'30" 
. 
% Sca·tered Time (min.} 
1 
% Scattered 
76.oO 
84,20 
10 
20 
25 
30 
88.50 
89. 0 
90.20 
90.20 
90.20 4• 30 t 86.60 
Run VI 
13,5 cc. HAc 
41.5 cc. H20 
pH 6.18 
T = 36.0° 
Time 'o Seat tered Time % Scattered - - 
4 8.00 60 54.00 
6 20.00 70 55.80 
10 34.80 75 56.00 
20 46.50 80 56.10 
30 50.40 90 5 .oo 
40 52.80 100 56.10 
12. 
Run VII 
15 cc! UAc 
40 ccr a2o 
pH ·s.15 
T 10 38° 
Time % Scattered Time 1. Scattered - 
2 o~so 35 43.75 
5 3.75 40 45.00 ; 
6 6.$0 45 46.10 
13.75 50 l 4. 75 
10 20.50 55 46.25 
15 32.00 60 47.00 
20 37.50 70 47 .10 
25 41.00 80 47.20 
30 24.lO 
13. 
Run VIII 
20 cc• HAc 
35 cc. R20 
pH s.02 
T • 39°c 
Time % Scattered Time % Scattered - 
10 2. 65 40.YO 
20 12.40 70 41.80 
25 21.00 75 42.60 
30 24.80 80 42.90 
35 29.80 85 44.50 
40 32.50 90 45.00 
45 34,90 95 45.00 
50 36.60 100 45.00 
55 38. tt.o 105 45.00 
60 40.00 
Run IX 
25 cc. HAc 
30 cc. 1120 
pH 4.68 
'1' = 37° 
Time % Scattered Time % Scattered - - 
20 L 0 135 40.00 
40 9.80 140 40.00 
60 24.10 145 41.00 
80 32.20 150 41.00 
100 .36.60 155 41.00 
120 39.lO 160 41.00 
125 40.00 165 41.00 
130 40.00 
- 
14, 
15. 
Run X 
30 cc. HA.c 
25 cc. HzO 
pH lt-.50 
T = 36.50 
Time % Scattered Time % Scattered - - 
20 0.9 180 36.60 
40 l11.30 190 39.20 
60 12.20 200 39.00 
80 21.50 210 39.00 
100 28.00 215 39.20 
120 32.60 220 39.20 
160 35.20 
16. 
Run XI 
35 cc. HAc 
20 cc. H20 
pH s.sa 
T 38° 
Time % .Scattered Time % Scattered 
30 1.10 1 0 30.10 
60 6.00 195 30.60 
75 11.00 210 31. 70 
90 15.60 255 33.50 
105 19.90 270 34.20 
120 22.80 285 34.20 
135 25.l{.Q 300 34.50 
150 27 .10 315 34.50 
1)5 28.40 
17. 
Run XII 
40 cc, HAc 
15 cc , ll20 
pH 3.90 
T = ·40,0° 
Time % Scattet'ed Time % Scattered - - 15 0 .. 40 135 19.75 
30 1.00 150 21.50 
45 2.25 l 5 22.80 
60 5,00 180 23.30 
75 ,90 195 24.10 
90 12.75 210 24.50 
105 15 .. 50 225 2/4-. 50 
120 18.00 
- 
18. 
Discussion of Results 
The Curves in Fig~ 2 are similar to those obtained by 
De Sorbo (7) in his measurement of the light scattering of silicic 
acid gel-forming mixtures by means of galvanometer deflections 
using a photoelectric tube circuit. It is interesting to 
interpret these curves considering that in gel formatio a 
solution of mono-silicic acid is initially formed and condenses 
to form a gel. Iler (8) indicates that the polymerization 
·nvolves the condensation of silanol (S:lOH) groups to form 
siloxane (Si-0-Si) bonds. He indicates the overall equation 
for the polymerization to be as follows: 
lt can be seen from the curves that the intensity of the 
scattered light increase with time, u$ually slowly at first 
since light is scattered only iihen the size of the particles is 
comparable to the wavelength of the light. The higher values 
for the intensity of scattered light in the gel than in the sol 
shows definitely that the perticles in the gel are larger t a1 
those in the sol. The continuous nature of the curves sho.s 
that the process of gel formation is a continuo~s one. The 
value of the final intensity of scattered light increases qith 
a decrease in H ion concentration, reaching a maximum 1!th gels 
of pH gre ter than 8 (Fi. 3). This indicates that regardless 
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of the pH of gels or pH greater than 8 the size of the particles 
ihich scatter the light is the s~ e. Yajnik and Haksar (6) state 
that a relationship exists between t1e rate of coagulation of a 
gel and the degree of scatteri11g. It is their theory that the 
faster a gel sets the more opaque it is, i.e., the more light it 
scatt:ers~ and the slower it sets the less the amount of light 
scattered. lt can be seen from Fig. 2 that this is correst 
for gels up to a pH of approximately 8. However, for gels of pH 
8 and greater the opacity seems to be nearly independent of the 
rate of coagulation. 
The curves fulill t1c ~onditions of Smoluchowski's theory 
of coagulation in that they are similar in shape and related to 
one another. 
Because of the high temperatures at which the runs were 
made the gcl·forming mixtures et more quickly than they would 
have at room temperature. This is in accord with the observation 
of Prasade.nd Desai (9) who explains this on the basis of tte 
increase in the agglomeration tendency and a decrease in the 
hydration tendency of the colloidal particles at higher tempera- 
ture. 
The times of set have been calculated by the optical method 
i.e., by plotting the change in the per cent of light scattered 
divided by the change in time against time and the results compared 
with the times of set as determined by the rod method. The data 
are tabulated in Table 3. Two typical curves are shovm. in Fig. 4. 
It i.a interesting to note the relationship of the times of set 
20. 
as indicated on the curves in Fig. 2 with regard to the points of 
inflection of the curves. 
It was noted that after prolonged subjection to ~he elevated 
temperatures at which t .. e runs were made the gel developes a 
crack at the surface which proceeded downward th!ough the gel 
thus invalidating any further light scattering data. An attempt 
was made to eliminate this problem fb:st by trying to cool the 
instrument with compressed air~ but this proved ·neffectual. 
A second attempt was made to prevent cracking by covering the 
surface of the mixture with distilled water after it had set 
to a gel. However, this resulted in the formation of numerou 
tiny bubbles in the gel. It is possible that this was due to 
Carbon dioAide dissolved in the water which had diffused into 
the gel. Experiments to confirm this theory using boiled dis- 
tilled water were not carried out due to time limitations. It 
would be interesting to be able to follow the scattering for 
extended periods without the occurrence of cracking to note 
whether or not the leveling off observed in Fig. 2 is final 
or if the scattering increases again .. 
21. 
Table 3 Comparison of Time of set by optical and rod met.hods. 
Vol Vol Rod Optical 
HAc .~cc.} !!20 (cc, 2 .el! Method - Method 
8 47 10.52 172 180 
8.5 46,5 10.00 4.45' 4 
9 46 9.85 cason 
11 44 8.25 Cal$5° 
12 43 7.20 30° 
13.5 41.5 6.18 5'30° 6' 
15 40 5.15 101 101 
20 35 5.02 241 251 
25 30 4,68 50' 50' 
30 25 l~. 50 71' 70' 
35 20 4.38 831 79' 
40 15 3.90 88' 85' 
22. 
1. The light scaecerdng of sil:.~i'-acid gel ... fo1ining mixtures 
has been measured by means of a Fisher Nefluoro-photometer. 
The per cent of light scattered has beea plotted against 
time. The resultin curves show that the light scatteri 
increases slowly at f·rst, until t:1e particles become of t e 
order of the wavele gth of light, then .. more rapidly, and 
fiually levels off when the particles have stopped growin, 
resulti 1g in a cyma recta-shaped curve. The curves lave bee .. 
"nterpretcd in an att npc to elucidate the theory of gel 
forma.tio~ .. 
2. The t eory of Yajnik a Ha.ksar (6) which sates that the 
opacity of a gel ."s ted to its rat.e of coagul ton has 
beer exar incd and found to be invalid for gels of pH grea ·er 
than • They state th t t e more quickly a gel sets the 
more opaque it is. F~om the curves it has been determined 
that this ·s correct up to a pH of about 8. However, above 
this pH the opac•ty appears to be constant and ·ndependent o~ 
t e rate of coagulation. 
3. Saoluchowski's theory (5) of coagulatio. w1ic rcla es 
the decree se in the number of particles ·1ith the ti. e for 
ifferent stages of coagula.t:ton, s a fu ction of the .... adius 
of action , the diffusion coeff.cient D, and t'e oriainal 
men.her of particles per unit volume s been ex~ ded to sili ic 
acid gels. 
23. 
4. The theory of Prasad and Desai (9) which states that gels 
at elevated temperat-ures set more quickly than gels at lower 
temperatures has cen ~onf~rmed 
5. The ti.es of set have been calculated by tie optical method 
and the results ave been found to be .:n close agreement with 
those obtained by the rod ethod. 
6. The problem of gel crac~·ng has been mentioned and a 
suggestion aas been made to overcome this occurrence· ~hich 
prevents extended examination of the light scattering of the 
gel~fo:'"ming mixtures. 
24 .• 
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